phytoplankton community structure, thereby leading to an increase of total phytoplankton primary productivity [8] . Accordingly, many researchers have suggested that combined biological restoration approaches, which could not only improve water quality in the short term, but also maintain long-term stability, may be a better choice for water managers to remedy eutrophic waterbodies [2, 12] .
Reducing external and internal nutrient loads is an important factor for determining the success of lake ecological restoration [13] [14] [15] . The roles of aquatic organisms for nutrient removal in a single biomanipulation measure have been studied widely. Stocking silver carp or bivalves could promote the transportation of nutrients from water to sediments through grazing, assimilation, and biodeposition of suspended particles. Meanwhile, many researchers have suggested that silver carp and bivalves could also promote nutrient regeneration through bioturbation [16] [17] . Submerged macrophytes, which are an important part of the biological community, could assimilate and absorb nutrients from water and sediments [18] [19] . However, the decomposition of dead macrophytes will promote the increase of water nutrient content. In addition, microorganisms can decompose and metabolize nutrients in water. The extracellular enzyme activity reflects the power and strength of various biochemical processes in the sediments, which has vital significance for material circulation in ecological systems [20] [21] [22] . However, few investigations have revealed the roles of these aquatic organisms for nutrient removal in a combined biological restoration measure. Therefore, it is necessary to reveal the main mechanisms of nutrient removal in the combined biological restoration measures. Accordingly, our experiment designed a stereoscopic combined biological restoration measure that can be used not only to control the algal biomass by stocking silver carp and bivalves (Hyriopsis cumingii) at the pelagic and benthic of the water column, but also to reduce nutrients by replanting submerged macrophytes (Ceratophyllum demersum L.). Meanwhile, a field simulation experiment was conducted to (1) investigate the effects of this combined biological restoration measure on remedying eutrophic waterbodies and (2) to reveal the main mechanisms of this combined biological restoration measure for nutrient transport and transformation. This study can provide a reference for water managers when applying combined biological restoration measures to remedy eutrophic waterbodies.
Materials and Methods

Experimental Systems
This experiment was performed in the field from September to October 2016 in Wuhan City, Hubei Province, China. Eight systems were set up using concrete tanks (1 × 1 × 1 m) in this experiment. Meanwhile, a rain-proof shelter was constructed using translucent corrugated plastic, approximately 2 m above the experimental systems. The experimental light and temperature conditions were maintained to be consistent with the local natural light and temperature, and so were gradually reduced from an average of 26.5ºC to an average of 23.2ºC. In each system, 15-cm-thick layers of sediments and 75-cm-deep layers of water were added and equilibrated for 3 weeks. The water and sediments were both collected from a nearby eutrophic fishfarming pond, which is part of Donghu Lake, where serious water blooms appear in spring and fall annually. The sediments were completely mixed before being placed into the experimental system. The basic properties of experimental water and sediments are shown in Table 1 . Then these 8 simulation systems were divided into 2 experimental groups named control and combined treatment group, with each group having 4 duplicates. The combined biological restoration group was stocked with silver carp and bivalves and replanted with submerged macrophytes. Their biomasses are shown in Table 2 . The control group did not add any aquatic organisms.
The triangle sail mussel (mean length ~10 cm, mean wet weight ~90 g) and silver carp (mean length ~15 cm, mean wet weight ~62 g) were purchased from a mussel breeding site in Wuhan. Ceratophyllum demersum L. was collected from Donghu Lake located in Wuhan. The mean length of Ceratophyllum demersum L. specimens used was approximately 25 cm. All the aquatic organisms were pre-cultured for 2 weeks using water collected from the pond from which the experimental water and sediments were collected. To reduce the impact of external nutrient load we did not add any food for the fish or bivalves into the experimental systems during the experiment.
Sampling and Analysis
Every seven days a clean bottle was used to collect 2.0 L water samples from each system, 500 mL of which were used to determine the concentrations of chlorophyll Before and after the experiment, the sediment samples were taken from the macrophyte root zone. The sediment samples were divided into three portions: a major portion was used to extract pore water samples by centrifuge at 5,000 rpm for 20 min; another was used to determinate dehydrogenase, urease, and phosphatase activity; and the remainder was naturally air-dried and sieved with a standard 100-mesh sieve.
All these chemical characteristics were analyzed according to the Standard Methods of Environment Monitoring in China [23].
Data Analysis
One-way ANOVA tests were performed to determine significant differences of water quality parameters between treatments. Non-parametric tests (Kruskal-Wallis test) were used when the data distribution was skewed, with P<0.05 considered significant. All the figures were drawn with Origin 8.0. The analyses were finished with SPSS 20.0 for windows.
Results
By the end of the experiment the fresh weight of submerged macrophytes in the combined treatments increased from 200 g to more than 1,100 g. The final coverage of submerged macrophytes reached 100%. The body weights of some silver carp and bivalves slightly decreased but the survival status was good.
Changes in Different Forms of N and P Contents in the Overlying Water
The results showed that there were significant changes in TP, PO 4 3--P, TN, NH 4 + -N, NO 3 --N, and NO 2 --N before and after the experiment (Table 3 , Fig. 1 ). Compared with their initial concentrations, the final removal rates of TP contents in the control and combined treatments were 22.9% and 71.6%, respectively; the removal rates of PO 4 3--P in the control and combined treatments were -28.3% and 53.6%, respectively; the removal rates of TN contents were 32.6% and 39.9%, respectively; the removal rates of NH 4 + -N were 5.5% and 41.0%, respectively; the removal rates of NO 3 --N were -418.2% and -548.9%, respectively; the removal rates of NO 2 --N were 0% and -12.5%, respectively.
The results of statistical analysis indicate that the mean concentrations of TP and PO 4 3--P in the combined treatment group (0.234 and 0.193 mg/L, respectively) were significantly lower than those of the control group (P<0.05). In addition, the mean concentrations of water TN, NO 3 --N, NO 2 --N, and NH 4 + -N in the 
Changes in TN and TP Contents in the Pore Water
Pore water TP and TN contents in the combined treatment group increased whereas those of the control group first decreased and then increased (Fig. 2) . Compared with their initial concentrations, the pore water TP concentration in the control and combined treatment groups increased by 12.2% and 68.1%, respectively; the concentrations of pore water TN increased by 6.9% and 24.1%, respectively. The results of statistical analysis indicate that the mean TN concentration in the pore water in the combined treatment group (9.518 mg/L) was significantly lower than that in the control group (10.425 mg/L, P<0.05). There was no significant difference in the mean TP concentrations between the control and combined treatment groups (P>0.05), which were 0.589 and 0.598 mg/L, respectively (Table 3) .
Changes in Dehydrogenase, Urease, and Phosphatase Activities in the Sediments Compared with their values before the experiment, the enzyme activity of dehydrogenase and phosphatase in the control and combined treatments were both decreased while urease activity increased (Fig. 3) . The results of statistical analysis indicate that there were no significant differences in the contents of dehydrogenase, urease, and phosphatase between the control and combined treatment groups before treatment (P>0.05). After treatment, the urease and phosphatase contents in the two groups were still not significantly different (P>0.05), but the urease content in the control group was significantly higher than that in the combined group (P<0.05).
Change of N and P Contents in the Overlying Water, Macrophytes, and Sediments in the Combined Biological Restoration Treatment
As shown in Table 4 , the concentrations of overlying water TP and TN in the combined treatment group decreased after the experiment. According to the experimental water volume, the decrements of TP and TN in the overlying water were 941.6 and 235.2 mg, respectively. Similarly, by measuring the dry weight, TP, and TN contents of sediments before and after the experiment, the increments of TP and TN in the sediments were 1,344.0 mg and 1,632.0 mg, respectively.
In addition, we also collected the macrophytes of the combined treatment group at the end of the experiment. Through determining the fresh weight, moisture content, and TP and TN contents per unit dry weight of submerged macrophytes before and after the experiment, the increments of TP and TN in the macrophytes were estimated. The results showed that TP and TN in the macrophytes increased by 539.6 mg and 348.3 mg after treatment, respectively. Based on the mass conservation principle, the changes of TP and TN in other ways were 942.0 mg and 1,745.1 mg, respectively.
Discussion
Mechanisms of Combined Biological Restoration
Measure for Water P Removal P is one of the key nutrient factors for phytoplankton growth. However, excessive P input is the main cause inducing eutrophication in water bodies [24] . Effective reduction of external and internal P load is an important premise of using biological restoration measures to restore eutrophic water [15, 25] . Our experimental results showed that the combined biological restoration measure effectively reduced P load in water. The mean TP concentration in the combined treatment group (0.234 mg/L) decreased by 31.98% compared with that in the control group (0.344 mg/L). Past studies have shown that both the microbial metabolism and the biological activity of aquatic organisms including bivalves, fish, and macrophytes have important effects on P exchange at the water-sediments interface [26] [27] .
In our experiment, due to the weight reduction of some silver carp and bivalves in the combined treatment group, the assimilation and absorption effects of silver carp and bivalves on nutrient P is limited. So it is not the main mechanism of water P removal. Moreover, the bioturbation of fish and bivalves could promote the P release from sediments into the water [11, 28] . In our experiment, the increase of PO 4 3--P in the overlying water and higher TP content in the pore water indicate Fig. 3 . Changes in dehydrogenase, urease, and phosphatase activity before and after the experiment. that nutrient P has the potential of releasing from sediments into the water. However, compared with the sediment TP contents before and after treatment, it was found that the sediment TP content in the combined treatment group increased by 1,632 mg, which was 6.94 times of the decrement of water TP content. The biodeposition of particulate P in water caused by the grazing of silver carp and bivalves may be a reason why the content of water P did not increase. Previous studies have shown that silver carp and bivalves could promote the removal of water nutrients by grazing on suspended particles or algae and then excreting food residue or feces at the sediment surfaces [29] [30] . When this transfer rate is greater than the release rate of nutrients from sediments to water, the water nutrient load will decrease and the eutrophication process will be slowed down. On the contrary, it will accelerate the process of water eutrophication. Thus, in this study, the nutrient transfer from water to the sediments was one of the main mechanisms for the removal of water P load. In addition to the above mechanisms, our results showed that the assimilation and absorption of submerged macrophytes was also an important reason for water P load removal. Based on the mass conservation principle, the estimated P budget results of each experimental material in the combined biological restoration experimental systems showed that the TP absorbed by submerged macrophytes from the water and sediments is 1.48 times of the decrement of the overlying water TP. The importance effects of submerged macrophytes on migration and transformation of water nutrients in ecosystems have gained widespread attention, and the replanting submerged macrophytes technology has been applied to restore eutrophic waterbodies worldwide [2, 31] . In addition to the assimilation and absorption of nutrients from the water and sediments, submerged macrophytes could also promote the sedimentation of suspended particles in the water and reduce the sediment resuspension [32] . Furthermore, the replanting of submerged macrophytes could decrease the ability of P desorption on the sediments through affecting the contents of organic matter, Ca, Fe, and Al in sediments [33] .
Concentrations
Dehydrogenase, which plays the role of hydrogen transfer, can promote the dehydrogenation of carbohydrates, organic acids, and other organic matter in the sediments; phosphatase can catalyze the hydrolysis of a phosphomonoester and the creation of a phosphate ion. To some extent, the activities of these two enzymes could reflect the transformation process of nutrient P in the sediments. In our experiment, the dehydrogenase and phosphatase activities decreased after treatment. The decrease of these enzyme activities may be caused by the changes of physical and chemical conditions. However, many researchers have found that the phosphatase activity is positive correlation with the removal rate of TP [34] . Thus, the microbial metabolism had no significant effects on the removal of water P load in our experiment, and more studies on the role of enzymes in the combined biological restoration measures are still needed. Compared with the control group, the concentration of PO 4 3--P in the combined treatment group increased significantly. This may be due to the biodeposition of bivalves in our experiment. Previous studies have shown that the biological activity of benthic animals could release nutrients into water [25, 35] . Furthermore, the filtration, digestion, and excretion of silver carp and bivalves on water-suspended particles may also promote the transformation of water organic P to inorganic P [36] . In summary, in this study, the microbial metabolism played a limited role in the removal of water P load.
Mechanisms of Combined Biological Restoration
Measure for Water N Removal N is another important nutrient element causing eutrophication of waterbodies. After more than one month of treatment, the TN in the overlying water in the combined biological restoration group was effectively reduced and significantly lower than that in the control group. Similar to the removal mechanisms of P in the overlying water, the potential mechanisms of water N removal in our experiment included microbial metabolism, and the assimilation, absorption, and decomposition of aquatic organisms.
At the beginning of our experiment, the sums of NH 4 + -N, NO 3 --N, and NO 2 --N concentrations in the control and combined treatment group were 0.63 and 0.81 mg, respectively, accounting for 21.7% and 29.0% of their TN contents. So the N in the water mainly existed in the forms of organic or particulate N at the beginning of the experiment. By the end of the experiment, the sums of three forms of N concentrations in the control and combined biological restoration groups were 1.293 and 1.580 mg, accounting for 66.4% and 93.6% of their TN contents, respectively, and the N in the water mainly existed in the form of NO 3 --N. The results showed that the decrease of TN in the combined biological restoration group was caused by the removal of organic or particulate N in the water.
The ammonification, nitrification, and denitrification of microorganisms all play an important role in the transformation of different forms of N in water. At the beginning and end of our experiment the contents of NH 4 + -N and NO 2 --N between the control and combined biological restoration groups had no significant difference. But the increase of NO 3 --N indicates that the combined biological restoration measure promoted the microbial nitrification process, which may be due to the fact that submerged macrophytes could release the oxygen content from roots [37] . Urease catalyzes the hydrolysis of urea into carbon dioxide and ammonia, and its activity represents the conversion of organic N to inorganic N. Our results showed that the urease activities increased in both the control and combined biological restoration groups at the end of the experiment, which promoted the transformation of organic N to inorganic N in the sediments and increased the possibility of the N release. However, the monitoring results of water quality and sediment TN content showed that the TN contents increased in the sediments while decreasing in the water. One possible reason is that the biodeposition of silver carp and bivalves accelerated the transformation of particulate N from water into the sediments [29] [30] . The silver carp and bivalves could filter suspended particles and algae from water, and then excrete the feces or pseudofeces into the water or the sediment surface. The increases of TN contents in the pore water and sediments also confirmed that the migration and transformation of particle N from water into the sediments was an important mechanism for removing the overlying water TN.
In addition to the above reasons, our experiment results showed that the replanting of submerged macrophytes was another one of the important mechanisms of the overlying water TN removal. First of all, the effects of assimilation and absorption of submerged macrophytes on nutrient N from water and sediments have been proven in many studies [38] [39] . Similar results were also obtained in our experiment. The N content in the macrophytes increased by 539.6 g, accounting for 57.3% of the decrement of the overlying water TN contents. Furthermore, submerged macrophytes could inhibit the release of NH 4 + -N and NO 3 --N from sediments into the water [40] . Our monitoring results showed that the increase of the urease activity promoted the conversion of sediment organic N to NH 4 + -N, and thereby increased the possibility of NH 4 + -N release from sediments into the water. However, the statistical analysis showed that the NH 4 + -N in the overlying water in the combined biological restoration group had no significant difference from that in the control group. In addition, the higher NO 3 --N and NO 2 --N in the combined biological restoration group may be because the oxygen release from roots of macrophytes strengthened the microbial nitrification process of NH 4 + -N [41] . Moreover, submerged macrophytes can weaken the resuspension of sediments caused by silver carp and bivalves [42] . Accordingly, the migration of nutrients from sediments into the water was also one of the possible reasons for the removal of water N in the combined biological restoration group.
Conclusions
1) The combined biological restoration measure of introducing filter-feeding bivalves, stocking planktivorous fish, and replanting submerged macrophytes could effectively control the water nutrients.
2) The assimilation and absorption of submerged macrophytes and the nutrient transformation from water to sediments are the main mechanisms of the combined biological restoration measure to reduce water N and P nutrients.
